Local wind changes within the flow of the Adriatic Bora are investigated in the case of 8 December 2001 that was simulated with the WRF/ARW model in a 333 m horizontal resolution and with all relevant model variables archived during a 3 h time interval with 1 s temporal resolution. Along a selected cross section, two locations of strong gusts in the lee of a Dinaric mountain ridge are found -the upper one on the slope and the other over the sea close to the coastline; in between the wind is considerably weaker. About 16 to 18 gusts developed in the 3 h interval at both locations with an average period of approximately 8.5 min. The advective transport of kinetic energy (KE), the work of the unbalanced part of the pressure gradient force and the diffusion and dissipation of KE cause the local change D KE, and their quasi-periodic fluctuations lead to gusts and lulls. The results of the numerical simulation enable an estimation of the contributions of advection, the work of forces and of turbulence and dissipation effects. Advective contributions to local changes are more or less in the phase with DKE and ahead of the phase of KE, while the contributions of work are generally smaller and in the opposite phase: so in general the advection and the work effects oppose each other. The advection and the work effects are not spatially homogeneous, i.e. they cease and even change their sign between the two locations of the strongest gusts and so there is no continuous displacement of KE from the upper to the lower location by either of the two effects: their contributions interchange with each other down the slope.
Introduction
The Bora is a north-easterly wind (from the Greek Boreas -northern) that blows into the Adriatic basin. Winds of the same type and structure also appear elsewhere in the world. The main characteristic of the Adriatic Bora is the invasion of cold air into the Pannonian basin and its acceleration after crossing the mountains that run alongside the Adriatic basin. The traditional explanation (AMs Glossary) was that the Bora is "a fall wind with a source so cold that, when the air reaches the lowlands or coast, the dynamic warming is insufficient to raise the air temperature to the normal level for the region". This dynamic explanation of the Bora was revised after an intensive measurement campaign in ALPEX (Smith, 1987) , numerical modelling (e.g. Klemp and Durran, 1987) , and additional conceptual models (e.g. Smith and Sun, 1987) . Some recent studies reveal that certain instances of Bora exhibit a downslope windstorm or hydraulic jump structure (AMs Glossary). A comprehensive review of Bora characteristics was recently published by Grisogono and Belušić (2009) .
it has long been known that gustiness is one of the Bora's chief characteristics. A few decades ago, the spectrum of gusts in the Adriatic Bora was measured (Rakovec, 1987) and several authors (e.g. yoshino, 1976; Petkovšek 1982 Petkovšek , 1987 attempted to explain it by the quasi-periodic spills of cold air masses over the mountain ridge. More recent investigations associate the gustiness with the upper-tropospheric jet and tropopause behaviour, e.g. Belušić et al. (2004 Belušić et al. ( , 2007 . Their results suggest that Kelvin-Helmholtz instability (KHI) is the most likely pulsating mechanism (Grisogono and Belušić, 2009) . This instability appears above the Bora shooting flow, which is essentially a jet with a maximum of about 300 -500 m AGL, and below the wave-breaking region. They further showed that the enhanced positive vertical wind shear induced by the passage of the upper tropospheric jet stream weakened the primary (i.e. low-level) wave breaking in the lower troposphere. This decrease of non-linearity occurs because the local non-linearity measure ( ) / ( ) NLM N z h u z = (Durran, 2003; Jiang and Smith, 2003) ; where ( ) N z is the Brunt-väisäla frequency, h is the mountain height, and ( ) u z is the wind velocity) decreases with an increase in the mean wind speed; instead of the primary wave breaking, large lee waves occur. After the vertical shear above the Bora jet diminished, the khi was suppressed and hence the related pulsations disappeared. This whole explanation is thus based on a consideration of the processes occurring above the Bora shooting flow. Apart from the explanations for gustiness based on external conditions out of the flow, it might be interesting to investigate the internal flow dynamics. in the present paper we therefore focus on the internal structure and near-surface energetics of the downslope flow, especially on the local contribution of advection and of the local work of forces to local changes of kinetic energy in a flow: we are interested in ascertaining how the high kinetic energy (KE) accumulates in the gusts at these locations: what is the contribution of advection, what is that of the work of forces and what is the role of turbulent diffusion and energy dissipation.
The methodology
The conservation principle may be expressed in different formulations. One of these is a transport or balance equation which states that locally a change in a certain quantity is caused by the divergence of the transport of that quantity, and by sources or sinks of that quantity. Transport equations for atmospheric KE  r v 2 / 2 can be derived by multiplying the equation of motion with rv  to obtain 
After splitting the pressure into the hydrostatic and non-hydrostatic parts in Eq. (1), the gravity effects completely cancel the effects of the hydrostatic part of the vertical pressure gradient force. in such a simplified form, the advection ( )
 , the work done by the remaining forces
and the turbulent diffusion and energy dissipation Turb v f r = ⋅   contribute to the local changes of KE:
More details on the applied methodology are given in Appendix A. Here we mention only that a great part of the vertical gradient force balances with gravity and so only the non-hydrostatic part of the gradient force acts along a vertical direction, altogether with the complete gradient force along a horizontal direction (the two terms in parentheses).
A somewhat similar diagnosing approach was used by e.g. Poulos et al. (2007) , except for velocity and not KE when investigating the flow in the eldorado Canyon in Colorado. They thus had to consider more terms: advection, pressure gradient, gravity, coriolis effects, and turbulent momentum flux contributing to local changes in wind velocity. Moreover, periodic oscillations were essentially absent in their case, while in the case of the Bora strong oscillations with a periodicity of around 8.5 min are the primary object of examination.
The diagnostic sub-domain and the data
The case of the Bora on 8 december 2001 over part of the dinaric Alps in the lee of the Velebit mountain ridge with strong pulsations was simulated using WRF-ARW, version 3.2.1 (Skamarock et al., 2008) . The region is one of the best known areas of strong and pulsating Bora and has a measuring station at senj on the coastline -see Fig. 1 . Another area further to the north of strong Bora is in the lee of the Dinaric-Alpine ridges across the Vipava valley, Karst and Trieste, and to the south there are areas of strong Bora in dalmatia in the lee of the dinaric mountain ridges of Mosor and Biokovo. The same case had already been investigated by Belušić et al. (2007) . The model was configured with two-way nesting from a 27 km down to a 1 km resolution in a ratio of 3, followed by the fourth nesting of a domain with a 333 m horizontal resolution and 181 × 181 grid points in the horizontal -it is shown in Fig. 1 . In all domains the model has 62 vertical levels extending up to 50 hPa so the lowest few levels near the surface are at about 16, 54, 138 m, etc. ecMWF operational analyses were used for the initial and lateral boundary conditions. The simulation in the third 1 km resolution domain started at 12 UTC and ended at 18 UTC, while in the smallest 333 m resolution domain it started at 14 UTc and ended at 18 UTc. in the nested domain, a smagorinsky 3-d first-order closure was used for turbulence and mixing. since in our specific case this parameterisation alone did not produce the proper vertical wind profile (the wind was strongest at the surface), and did not produce the hydraulic jump-like structure, the Janjić (eta) version of Monin- obukhov surface layer physics, and the Mellor-yamada-Janjić (eta) boundary layer parameterisation were also used. This involves some sort of 'double counting' of turbulence but produces results that are closer to the experimental evidence than without it.
We focus on events inside the sub-domain (the black rectangle in Fig. 1 ) between 15:10 and 18:00 UTC when around 16 to 18 gusts developed there. In this smaller sub-domain of the detailed analysis with 90 grid points along X and 30 grid points along Y and with 62 levels in the vertical, all of the main model's variables (three wind components, temperature, density, pressure, geopotential) were archived every second. These values were smoothed in time with a 7-timepoint moving averages operator (selected quite arbitrarily, without a physical reason; some more or less smoothing points would not cause an essentially different result):
From such smoothed values the terms KE, DKE, Adv, Wrk, and Turb were calculated according to their definitions in section 2. it should be mentioned that the terms being computed as finite differences are burdened by some errors, for example errors arising from the interpolation of wind variables during de-staggering, errors of computing the pressure gradient in a s coordinate system etc.
Low-level flow analysis

Some general spatial characteristics
The simulation results reveal a two-layer structure of the flow in the lower troposphere (Fig. 2) . The lowest, very stable layer is roughly 3 km deep on the upstream side of the mountain and about 1 km deep downslope the mountain ridge. A strong low-level jet (LLJ) -a jet from E to W ( 0 u < ) -stays attached to the surface along the slope and above the sea until about 5.5 km from the coast where there is a more or less stationary position of a jump of the flow rising to 1.5 km, occasionally even 3 km in height. When considering the structure of the Bora it is also worthwhile paying attention to the reverse flow above the main low-level jet (Fig. 2) . The reverse flow is present most of the time above the Bora LLJ. When the flow thins into a jet of highest velocities the layer of reverse flow descends. There is a reverse flow also in a part of a rotor below the jump.
The upstream velocity u is small compared to the velocity inside the Bora LLJ, approximately 15 m s -1
. A wavy structure with a horizontal wavelength of λ x ≈ 8 km can be observed on the upwind side of the mountain. The flow becomes shallower as it approaches the ridge and is about 1 km deep just above the steepest slope, and thins further to a depth of about 800 m over the sea. As regards the horizontal structure, Fig. 1 suggests that at first glance the Bora resembles a 2-d phenomenon, but with considerable inhomogeneities perpendicular to the main flow. For example, gaps in the mountain ridge affect the Bora wind speed on the coastline. since we are analysing the build-up and decay of Bora gusts we are interested in deviations from local averages and thus local time averages are computed. Some of these time averages are presented in Figs. 3-5. The majority of the study concentrates on vertical cross sections in the W-E direction through the middle of the analysis sub-domain (along Y = 14).
There are, on average, two core regions of gusts: at point A on the slope and at point B along the coastline (Fig. 3) . (In the analysis sub-domain box of 90 × 30 × 62 points A is at grid point X = 39, Y = 14, Z = 2 and B at 31,14,2). (-u) along the middle of the subdomain rectangle at 15 UTc. Westward directed bora flow (red hues) thinning from the windward side into a strong bora low-level jet (LLJ) and eastward directed reverse flow above the main bora LLJ (blue hues) are presented. Note the wavy structure on the upwind side of the mountain and the flow jump over the sea some 5.5 km away from the coastline.
on the inflow side of a gust, the divergence in a flow becoming faster causes the advection ( )
 effects to be negative -systematically reducing KE, while on the outflow side of a gust in a flow with a decreasing velocity the opposite occurs (see the arrows in Fig. 3) ; in the centre of a gust the advective contributions are systematically zero (also see Fig. 4 ). . The corresponding areas of average divergence of the advective transport of KE on the slope and its convergence over the sea are indicated with arrows. Later in the text, detailed analyses for points A, B and C will be presented and a short comment on conditions on the upwind side of the mountain will be made. The average work of gravity force -rwg (Fig. 5 ) also represents vertical motions (negative values indicate upwards motion). The downward motion along the slope is obvious, as is the lifting of the flow in front of the island seen along the left edge of the figure. The most remarkable upward motion is in the region of a jump. The hydraulic jump reaches its maximum amplitude and ascends to its highest level when the gust close to the coastline is the strongest, but almost disappears when the gust elongates along the sea away from the coast. The rotor below intensifies and weakens accordingly.
Comparison with measurements
In winter 2001-02 the wind was measured on the coastline at Senj 15 m high above the ground during a two-month period with a 1 s time resolution (for details, see Belušić et al., 2004) . data for 8 and 9 december 2001, 48 hours (172 800 s) from these measurements were kindly offered (M. orlić and M. Pasarić, personal communication, with acknowledgement) to verify the reliability of our simulation with measurements that show the beginning of the Bora in the early hours of 8 december, increasing to a severe stage until around 02 UTC. This severe episode (average speed of almost 20 m s ). On the next day (not considered by our simulation), the Bora was again severe (again averaging at around 20 m s -1 ) until 14 UTc when it gradually calmed down. in our simulation, our point (37,8,2) is the closest to Senj. At this model point the gustiness calmed down at around 17:30 UTc but the average speed of the Bora remained severe until the end of the simulation at 18 UTC. We thus compare velocities ( . The measurements represent a 'point', while our simulation represents model volumes (of millions of cubic metres) -that partly explains why simulation overestimates the average velocity, and underestimates of the maxima. The spatial resolution also influences the temporal resolution and the standard deviations of the measured and simulated data are hence quite different: 7.1 m s -1 and 1.5 m s -1 -although both data sets have the same original temporal resolution of 1 s, and were both smoothed in the same way. This difference may be attributed to the simulation's smoothing in space and in time. As regards periodicity (Fig. 6) , the measurements show two main periods: 6.2 min and 11.4 min, while those from the simulation are in between these two: 7.6 min and 9.8 min. Accordingly, in general terms the simulation is relatively successfully in capturing the process in nature, but of course not all of the details.
Temporal characteristics
in Bora LLJ there are strong pulsations (Figs. 7 and 9) ; the strongest gusts develop on model level 2 (over the sea, that is approximately 54 m in height). Gusts and lulls develop with different intensities: in some gusts KE reaches only 900 J m -3 , while KE in the strongest one exceeds 1300 J m -3 (Fig. 7) . Gusts are developing quasi-periodically with an average period of 8.5 min which roughly corresponds with the 6 to 8 min period measured at Senj as also reported and simulated by Belušić et al. (2009;  for the same case with coAMPs and the same spatial resolution). The gusts over the slope precede those over the sea, but their dynamics is beyond pure translation down the slope -which may be seen from the much lower values between the maximum values of two areas of the strongest gusts (red slanted contours) in the Hovmøller diagram (Fig. 9) . The phase speed varies from 11 m s -1 to 16 m s -1 as may be seen from the slants of these contours.
The time courses of KE and of the diagnostic terms were closely inspected at points A and B of the strongest gusts (Fig. 8) . Cross-correlations of KE ( ) , t A at point A with KE at a down-flow point B in some later time KE ( )
reveal not only a delay in the peaks of the gusts, but the relationship of the complete time evolution of KE at both points. As seen from these cross-correlations, the time lag of the maximum correlation is dt = 291 s, which gives an even smaller phase speed down the slope (2664 m / 291 s = 9.2 m s examination is necessary to properly pair the gusts at C with the gusts at A). Over the sea alone (from B to C) the average phase speed is even higher: 26 m s -1 . in a non-stationary Bora KE , Adv, Wrk , and Turb oscillate in the two areas of maximum gusts (Figs. 10 and 12 ). At point A over the slope (Fig. 10) , KE typically oscillates roughly by ±2 W m . The contribution of advection effects Adv is strongly oscillating. The time average of Adv is not exactly zero, meaning that point A is not exactly the average location of the gusts, but is slightly in the lee of it (only by pure chance could a grid-point be at ex- . The amplitudes of Wrk are smaller than those of Adv. Turb is negative all the time. The gustiness slowly dies out after t = 9000 s (after 17:30 UTC). Fig.  10 shows that phase of Adv is 137 s ≈ 2.3 min ahead of KE at point A on the slope while Wrk is 78 s = 1.3 min after KE; so Wrk and Adv are approximately in an opposite phase.
At point B over the sea, close to the coastline, DKE typically oscillates by ±5 W m -3 (Fig. 12) , while before and after the strongest gust at approximately , with +30 W m -3 shortly before the strongest gust and -25 W m -3 after it. (Also here the non-zero time average of Adv means that point B is also not exactly the average location of the gusts, but slightly upwind of it.) Wrk is mainly positive here with amplitudes that are again smaller than those of Adv. Turb is small, and occasionally positive. Fig. 13 shows that the phase of Adv is 105 s = 1.75 min ahead of KE at point B on the slope while Wrk again is 73 s = 1.2 min after KE .
The Hovmøller diagram of Adv (Fig. 14a) clearly shows that the advection is not continuous along model layer 2: the positive values of Adv are spatially interrupted by strong negative ones. There are clear gaps during the whole episode on the upper part of the slope (the vertical blue strip around X = 41) and between the two regions of maximum gusts (the vertical blue strip between X = 31 to X = 34). Wrk (Fig. 14b) shows the opposite structure: where Adv is positive Wrk is negative, and vice versa. This means that Wrk effectively replaces Adv in transporting KE during specific phases of the evolution of gusts.
on the upwind side of the main mountain ridge where the Bora jet forms, processes are quite stationary and do not exhibit any significant periodic behaviour. On the lee side of the gusts in the region of the hydraulic jump, around point C (15, 14, 8) , KE and all diagnostic terms are much smaller than in the regions of the gusts, and the development there is less periodic, it is relatively chaotic. Adv is small there, Wrk is approximately ten times bigger, but mostly positive (tending to increase KE). As changes DKE are small as well, it is Turb that approximately balances the positive Wrk -i.e. it is strongly dissipating KE.
Local 
Relation between advective effects and effects of work
Data from our simulation show that the Wrk amplitudes are generally smaller than those of Adv and that both time courses are in approximately the opposite phase: when and where one is positive, the other is negative and vice versa. The detailed time courses for the strongest gust clearly confirm this (Figs.  16a and b) . so for such an idealised flow 2 2 1 3 3 in a flow down the slope the term gdz should also be considered. But because we only consider the work due to the non-hydrostatic vertical pressure gradient along the vertical direction (the hydrostatic part cancels with gravity), the same basic relation between Wrk and Adv should also hold for the idealised flow down the slope.
The Bora flow is relatively adiabatic, in many cases it is without phase changes (at least in the lee of a mountain), but it is not stationary, not completely frictionless and not without dissipation. So the time courses Wrk and Adv in Bora are not necessarily exactly in opposite phases and Wrk is not necessarily everywhere and continuously smaller than Adv. Still, the simulation data show that Wrk is approximately in the opposite phase to Adv and is generally smaller than Adv -as for the considered idealised flow: at point A the average value (in 2.5 hours of simulation from t = 800 s to t = 9800 s) of Wrk in comparison to Adv is -0.553 and at point B it is -0.602; close to the -2/3 = -0.667 in the idealised flow.
The above consideration at least partly explains the interplay of Wrk and Adv down the slope: the strongly expressed vertical belts of an opposite sign in the Hovmøller diagrams for Wrk and Adv (Figs. 14a and b) .
Conclusions
The transport equation for kinetic energy (KE) was used to diagnose the contributions of different processes to the local build up and decay of gusts and lulls in the Bora flow. The terms of the equation were calculated for a Bora case of 8 december 2001 in every time step during three hours of Bora WRF simulation results in a 333 m resolution. The analysis focused on the time and spatial variability of these terms, and how they are correlated with the velocity magnitude at some distinct locations in the Bora jet.
It was found that, besides the advection, the work done by the horizontal pressure gradient force, the non-hydrostatic vertical pressure gradient force, turbulent diffusion and dissipation are the processes that govern the spatial and temporal evolution of the KE, associated with periodic wind speed changespulsations.
The simulation reveals two regions of the strongest gusts: one over the mountain, roughly where the terrain declines into its steepest, final slope down to the sea, and the second at the bottom over the sea, roughly one kilometre from the coastline. It was also found that the speed with which the gusts propagate down the slope is not equal to the average wind speed between the two locations, but about twice as slow. Moreover, a Hovmøller diagram showed that there is a certain degree of discontinuity in the gusts and lulls translation, indicating that mechanisms beyond advection are responsible for their propagation.
The advection and the work of the pressure gradient force effects are roughly in an opposite phase: advection effects reach their maxima roughly 2 min before the KE peaking at both locations of maximum gusts, while the effects of the work done by forces reach their maxima when KE already diminishes. The Bora flow in the analysed case was also found to closely resemble a quasi-stationary adiabatic flow: the ratio between the effects of the work done by the pressure forces and the advective effects at the two points of maximum gusts are on average -1.66/3 and -1.81/3 -quite close to the theoretical -2/3 for the idealised flow. The turbulent diffusion and dissipation of KE, being the smallest of all effects, were diagnosed from the sum of the local time changes of KE and the sum of the advection and work of forces terms. 
